Terrestrial ecosystems are dominated by vascular plants that form a mosaic of hydraulic conduits to water movement from the soil to the atmosphere. Together with canopy leaf area, canopy stomatal conductance regulates plant water use and thereby photosynthesis and growth. Although stomatal conductance is coordinated with plant hydraulic conductance, governing relationships across species has not yet been formulated at a practical level that can be employed in large-scale models. Here, combinations of published conductance measurements obtained with several methodologies across boreal to tropical climates were used to explore relationships between canopy conductance rates and hydraulic constraints. A parsimonious hydraulic model requiring sapwood-to-leaf area ratio and canopy height generated acceptable agreement with measurements across a range of biomes ðr 2 ¼ 0:75Þ. The results suggest that, at long time scales, the functional convergence among ecosystems in the relationship between water-use and hydraulic architecture eclipses inter-specific variation in physiology and anatomy of the transport system. Prognostic applicability of this model requires independent knowledge of sapwood-to-leaf area. In this study, we did not find a strong relationship between sapwood-to-leaf area and physical or climatic variables that are readily determinable at coarse scales, though the results suggest that climate may have a mediating influence on the relationship between sapwood-to-leaf area and height. Within temperate forests, canopy height alone explained a large amount of the variance in reference canopy conductance ðr 2 ¼ 0:68Þ and this relationship may be more immediately applicable in the terrestrial ecosystem models.
The relationship between reference canopy conductance and simplified hydraulic architecture Canopy stomatal conductance to water vapor ðG s Þ is a primary determinant of ecosystem transpiration rates. Over the past few decades, much attention has been focused on describing the response of G s to the variables that act on fast time scales (e.g. hourly). In comparison, little attention has been paid to processes that may impact canopy conductance on longer time scales (e.g. yearly). Generic relationships that are valid across species have been developed for the fast responses of G s to photosynthetically active radiation (PAR, [1] ), vapor pressure deficit (D, [2] ), and soil moisture content (h, [1] ) and have been implemented in large-scale models. These models typically rely on a reference canopy conductance rate ðG sref Þ, defined at a specific environmental state that can vary across applications and adjusted for the fast-acting meteorological variables. These adjustments can be based on multiplicative functions that take a range of mathematical forms (hereafter referred to as f 1 ðVPDÞ; f 2 ðPARÞ, and f 3 ðhÞ). One such formulation is the widely used ''Jarvis-type" model which can be expressed as [3] : G s ¼ G sref Á f 1 ðVPDÞ Á f 2 ðPARÞ Á f 3 ðhÞ: ð1Þ
G sref significantly varies across stands of different age, structure and vegetation type, and changes predictably with measurable features of canopy structure, at least within a species [4] [5] [6] . However, the current suite of the terrestrial ecosystem models do not account for mechanisms that impact G sref over longer time scales. Some dynamic global vegetation models (DGVMs) and stand-level models assume that the canopy stomatal conductance parameters are 'static' for a range of canopy architectural scenarios, while others change the parameters empirically with stand age, or require species-specific allometric relationships that are difficult to implement over large and biologically diverse land areas [7, 8] . Traditionally, these assumptions were necessary given the lack of spatial datasets of elementary hydraulic parameters known to impact G s . Recent advances in LIght Detection and Ranging (LIDAR) imaging technology now facilitate detailed mapping of key properties of canopy architecture for large land areas [9, 10] , and elevation datasets from the Shuttle Radar Topography Mission (SRTM) appear capable of producing maps of canopy height ðhÞ over most of the global land surface [11] . Mechanistic relationships between the parameters controlling G s and remotely sensed features of canopy architecture (such as h), if present, could improve biosphere-atmosphere mass and energy exchange estimates at large spatial scales. To our knowledge, no attempt has been made to determine whether such generic relationships exist between measurable features of hydraulic architecture and canopy conductance among diverse species at the level of simplicity that permits incorporation into coarse-scale models. On the other hand, relationships between canopy conductance and features of canopy architecture have been well documented within species. A predictable decrease in both leaf-level and mean canopy stomatal conductance with canopy height has been reported for a range of species, including Fagus sylvatica [4] , Picea abies [12] , Pinus palustris [13] , Pinus pinaster [5] , Pinus ponderosa [14] , Pinus taeda [15] , and Quercus garryana [16] . In many cases, this decrease is attributed to an increased hydraulic resistance associated with an increased path length. However, several of these studies also suggest that sapwood-to-leaf area ratio ðA S =A L Þ is another important determinant of G s [4, 17, 18, 5] , and in some cases alterations in A S =A L can nearly compensate for height or physiologically based reductions in G s [19] . It is therefore likely that the most parsimonious generic model of canopy conductance accounting for readily measurable features of hydraulic architecture must consider, at minimum, A S =A L and h. This investigation was made to assess the performance of such a model over a wide range of climatic regimes and species.
Theoretical considerations and hypotheses

Relating transpiration and conductance to hydraulic architecture
The cohesion-tension theory for water transport in trees [20] has been used to explain the contribution of hydraulic characteristics to variations in G s . Within species, theoretical relationships between canopy stomatal conductance and canopy architecture are often derived by equating the soil-to-leaf water flux to the leaf-level transpiration rate ðT r ; mmol m À2 s À1 Þ under steady-state flow conditions [21, 22] 
Separating fast and slow responses
As noted earlier, G s responds rapidly to the changes in PAR; D, and h via the multiplicative functions f 1 ðVPDÞ; f 2 ðPARÞ, and f 3 ðhÞ.
Therefore, to isolate the effects of A S =A L ; k s ; W leaf , and h on G s from the effects of rapidly changing variables, a conductance rate at a reference environmental state (G sref ) is used. In this analysis, the reference environmental state is characterized by non-limiting light and soil moisture (i.e. f 2 ðPARÞ ¼ f 3 ðhÞ ¼ 1), and a reference VPD of 1 kPa. Estimates of G sref may be adjusted to reflect varying environmental conditions to produce a continuous estimate of G sref as per Eq. (1) with multiplicative functions, if they are known. In the case of inter-specific application of the Jarvis model, at least one variant of the three functions f 1 ðVPDÞ; f 2 ðPARÞ, and f 3 ðhÞ had already been formulated (see Oren et al. [2] for f ðVPDÞ, and Granier et al. [1] for f ðPARÞ and f ðhÞ).
When only non-limiting soil moisture states are considered (as specified by the reference environmental state), jW soil j is typically an order of magnitude less than jW leaf j. Therefore, we neglect jW soil j in Eq. (4) relative to jW leaf j, noting that this may introduce a bias on the order of 10-20% in plants with relatively low jW leaf j (Fig. 1) . With this assumption, G sref can be expressed as a function of A S =A L ; k s ; W leaf , and h using:
This formulation assumes that canopy height is a proxy for the mean path length from the soil through the rooting zone to the leaf. Conditions in which h does not represent this path length for water flow are likely to occur in two types of ecosystems: (a) canopies with deep rooting relative to the total path length (i.e., mature short stature forests), and (b) canopies where complicated vertical branch architecture patterns make h a poor proxy for the mean path length. In the former scenario, a rooting length of 1 m results in a 5% error in k s A S A L h for a 10 m canopy (Fig. 1) . Similarly, a rooting length of 2 and 3 m results in errors of ca. 15% and 20%, respectively. In the case of taller canopies, the error introduced by equating h with the path length decreases with increasing h.
To assess the relative contribution of each of these four variables to inter-specific variation in the reference conductance rates, the observed natural variation in these parameters is considered first. In general, W leaf is typically around À2 MPa [5, 25, 26] 
However, a can be either positive or negative [31] , and can vary from as low as À0:41 cm 2 m À3 (P. mariana, [27] ) to as high as 0:21 cm 2 m À3 (Pinus sylvestris, [32] ). Hence, across species, A S =A L and h are expected to be less correlated than among stands of the same species. Furthermore, compensating relationships between W leaf and k s should be considered. Trees growing in dry environments conducive to producing low (i.e., more negative) W leaf produce tissues with lower xylem vulnerability to cavitation accompanied by lower k s [33, 24] . Conversely, plants producing tissues with high k s must maintain higher W leaf to prevent xylem cavitation [34] . Thus, a change in W leaf that could have a positive effect on G sref would probably be accompanied by an opposing change in k s and vice versa. We note, however, than a recent review article failed to find a strongly significant relationship between W leaf and k s across species [35] .
In this article, we focus on the relationship between G sref and A S =A L =h as canopy height is an easily measurable feature of canopy architecture, and sapwood-to-leaf area is far simpler to measure at the stand-scale than G sref . Furthermore, A S =A L may be determined a priori for some species based on established allometric relationships or LIDAR remote sensing. We hypothesize that, hydraulically, A S =A L and h should exert a strong control over G sref , explaining approximately 50% of the variation in reference conductance via:
Within this framework, results from two literature surveys are used to examine whether general relationships between G sref , h, and A S =A L emerge which are sufficiently strong to eclipse inter-specific variation in W leaf and k s .
Methods
Two independent literature surveys were conducted. The first survey was designed to explore inter-specific variation between G sref ; h, and A S =A L . The second survey was used to determine the extent of inter-specific variability in a (and hence, A S =A L ), and to evaluate whether such variations can be related to climate controls, phylogenetic similarity, or other ecosystem features.
3.1. Survey 1 -Relationships between G sref ; h, and A S =A L Published estimates of h and G sref were obtained and analyzed for 42 closed-canopy forest ecosystems representing a wide range of species from boreal to tropical climates (Survey 1, Table 1 ). Estimates of A S =A L were available for 29 of these sites. These studies relied on canopy transpiration obtained by either sap-flux or eddy covariance methodologies, averaged over a range of time scales from half-hourly to daily. Typically, canopy conductance was derived in these studies from the estimates of transpiration and D using [36] :
where K u ðTÞ is a temperature-dependent constant derived from the latent heat of vaporization, the specific heat capacity of dry air, mean air density, and the psychrometric constant, and A L is, as before, the leaf area. In the case of the six eddy-covariance estimates, measures were taken at each site to ensure that conductance was derived from measured water vapor fluxes that did not include a significant contribution from soil evaporation. In the case of the Populus tremuloides and Pinus radiata canopies, soil evaporation was measured independent of whole-canopy evaporation using lysimeters. In the P. mariana stand, soil and sub-canopy evapotranspiration were measured with a below-canopy eddy-covariance system. In the 6.8 m P. taeda stand, G s estimated from whole-canopy evapotranspiration fluxes and from sap-flux data responded similarly to D, suggesting that the eddy-covariance evapotranspiration fluxes in this canopy were driven primarily by transpiration. And finally, transpiration in the 16 m P. taeda stand and the mixed deciduous forest was partitioned from the measured evapotranspiration fluxes using a simple radiation transfer model as described in Stoy et al. [37] .
For sites with high leaf area, it is well known that not all the foliage contributes to transpiration. Because total conductance rates are normalized by the measured LAI to obtain G s rather than the LAI contributing to stand transpiration, an adjustment is necessary for sites with high LAI. The LAI (and hence the reference conductance rates) was corrected for sites with exceptionally high (i.e. LAI P 8) by multiplying by a factor f ¼ LAI=8. This correction is similar to that suggested by Granier et al. [1] though we choose to implement the correction only for sites with LAI P 8 (as opposed to LAI P 6) because this is roughly the value of LAI at which the fraction of absorbed radiation in the canopy reaches 95% during midday hours when it is modeled from Beer's Law [38] .
The reported values of G sref obtained from the literature were estimated using a range of analytical procedures, including boundary line analyses, optimization routines, and data binning. In all cases, the extracted value represents the authors' estimate of the conductance rate at the reference D of 1 kPa under the conditions of non-limiting light and soil moisture content. In this analysis, G sref is expressed in mmol m À2 s À1 . Reference conductance measurements presented in units of mm s À1 in the original source were converted using the molar density of water vapor in air at 25°C after Oren et al. [2] .
Our analysis is restricted to closed canopies because trees in open canopies are more likely to have a conical or complicated branch architecture, which weakens the link between h and mean path length. We also excluded data from manipulation experiments because sapwood permeability and A S =A L may respond to abrupt changes in nutrient or light regimes, achieved through fertilization [27, 39] , stand density reduction [40] , CO 2 enrichment [41, 42] , and foliage removal [43, 2] , and the adjustment to new conditions may take several years. In nearly all these studies, G sref is normalized by maximum projected leaf area in the growing season, and A S =A L represents the ratio of sapwood-to-leaf area at breast height to projected leaf area during the growing season. However, we did not exclude studies that reported estimates of these parameters derived from total as opposed to projected leaf area [27] , or studies for which sapwood area estimates are taken from a different height [44] , to maximize the sample size in Table  1 . No other exclusionary criteria were employed in this survey. The variables of interest were treated as canopy averages in these surveys. In the cases where data were reported for individual trees or species, canopy averages were calculated by weighting individual-or species-specific values according to their LAI.
Survey 2: Allometric equations for A S =A L
In a second literature survey, the slope and intercept of the change in A S =A L with h were compiled from studies on 21 closedcanopy forest ecosystems (Survey 2, Table 2 ), representing different species growing in a broad range of climates. We used the estimates of canopy-averaged values of A S =A L and h along chronosequence stages, as well as whole-tree estimates of A S =A L for trees of different heights in the same stand. The same exclusionary criteria employed for Survey 1 were employed for Survey 2. Survey 2 is similar to a survey conducted by McDowell et al. [31] yet less than a quarter of the studies cited in Table 2 are common to both surveys. However, in this study, we expanded considerably the sample size and the number of sites which have a negative relationship between A S =A L and h (i.e. negative a).
Statistical tests and optimization
Statistical performance indicators such as the correlation coefficient ðr 2 Þ and t-statistics for slope significance (i.e. P) were performed in Matlab version 6.0. Because correlation coefficients are often compared between datasets of different sample sizes in this study, adjusted R 2 is used. Unless otherwise stated, slope significance was interpreted using two-tailed t-tests with a null hypothesis of zero slope. When necessary, nonlinear optimization was performed in Matlab using the Gauss-Newton algorithm [45] .
Results
Changes in G sref with A S =A L and h
Using Eq. (3) along with simplifications leading to Eq. (6), G sref was shown to be analytically related to the product of A S =A L and h À1 , a finding that appears to be accurate across the 29 sites for which all three variables were available (Survey 1, Table 1 , Fig. 2) . A simple linear regression of these variables gives:
with r 2 ¼ 0:75 and P < 0:0001. Separating the relative importance of A S =A L and h À1 , we find that approximately 27% of the variability in G sref is driven by A S =A L ðP < 0:01Þ and 46% is driven by h À1 ðP < 0:0001Þ. The relationship is also quite strong when reference canopy rates uncorrected for high LAI are considered (inset to Fig. 2 , r 2 ¼ 0:73; P < 0:0001). The sites in the above analysis included 19 temperate, seven boreal and three tropical forest ecosystems. The small sample size of boreal and tropical forest sites prevents this relationship from being analyzed within each of these climatically distinct subsets. However, in temperate sites, the slope of the relationship
92 is not statistically distinguishable from the slope derived with data from all three climate zones (P = 0.81).
Among the 29 sites, seven are dominated by P. abies, three are dominated by P. mariana, and two each are dominated by Cryptomeria Japonica, P. pinaster, P. taeda, E. saligna, and P. sylvestris. To assess the influence of replicates of single species, a replication analysis procedure proposed by McDowell et al. [31] was adopted. Specifically, the analysis was repeated for 672 unique combinations of sites such that no more than one site dominated by each species was included. Each combination resulted in a positive slope Table 2 Summary of studies in closed-canopy forests used to assess the relationship between sapwood-to-leaf area ratio ðAS=ALÞ and mean canopy height ðhÞ. TM and PM are mean annual temperature and precipitation, respectively. Min h (m) and min AS=AL ðcm 2 m À2 Þ are the values associated with the shortest tree in each dataset. a ðcm 2 m À3 Þ and b ðcm 2 m À3 Þ are the slope and intercept of the linear relationship between AS=AL and h (see Eq. (7)). The number of individual measurements used to derive the relationships is denoted by n. The data types are: (1) C: whole-canopy measurements, and (2) T: individual tree measurements. AS=AL is the ratio of sapwood area at breast height to projected leaf area unless otherwise noted.
Species
Family Location a Ratio of sapwood area to total leaf area. b Sapwood-to-leaf area averaged over the entire stem.
(ranging 92:5-98:4 mmol m À1 s À1 ) that was statistically different from zero (P < 0:0001 for all combinations). Furthermore, none of the slopes differed significantly from the slope derived from the entire dataset (P > 0:6 for all combinations).
A weak relationship between G sref and h À1 emerged when analyzing all 42 datasets presented in Table 1 ðr 2 ¼ 0:24; P < 0:001Þ. G sref andh À1 weremoresignificantlycorrelatedwhentemperatesiteswere analyzed separately. Across temperate sites, reference conductance increased strongly with h À1 ðr 2 ¼ 0:68; P < 0:0001, Fig. 3a) . Again adopting the analysis replication procedure (giving 192 unique combinations), we found that the relationship between G sref and h À1 was significant for allcombinationsof sites in whichonly one stand of each species was represented (P < 0:001 for all combinations). This relationship, however, is driven strongly by the data from the 4 m hedgerow stand (Table 1) . Excluding this site from the analysis, the increase in G sref with h À1 was significantly different from zero (at the 95% confidence level) for all combinations that included the 6.8 m P. taeda stand. Among tropical species, h À1 explained 19% of the variance in G sref , although the slope is not statistically significant ( line is determined from least squares regression using all data, and the dotted line is the least squares regression for temperate forests only. Open symbols denote canopies dominated by species that are known to have a decreasing relationship between AS=AL and h. The inset shows the same relationship for the estimates of G sref uncorrected for high LAI as described in Section 3. Regression lines are not shown for tropical and boreal sites as no significant relationships between G sref and h À1 emerged for these small samples. P = 0.17). The tropical subset includes two E. saligna stands, but repeating the analysis using one or the other of these sites resulted in a derived slope that was statistically indistinguishable from the slope calculated from all tropical sites. G sref decreased weakly and insignificantly with h À1 among the boreal sites (Fig. 3c , r 2 ¼ 0:18; p ¼ 0:17) though the decrease is significant for some combinations of boreal sites that included only one representation of each species. This negative relationship is driven by reference conductance rates of P. mariana (i.e. -the three boreal sites with the highest value of A S =A L =h). P. mariana has a strongly decreasing a [27] , and would be expected to have relatively low reference conductance rates.
Roughly 50% of the studies considered in Survey 1 are from the Pinacaea family. Therefore, for the significant relationships that emerged from this analysis (i.e. Figs. 2 and 3a) , we conducted two additional tests to assess the impact of phylogenetic similarities among the ecosystems: (1) we performed an additional replication analysis procedure whereby the relationships were assessed for unique combinations of sites such that no more than one species from each family was represented, and (2) the relationships were derived independently for angiosperms and gymnosperms. For the relationship between G sref and A S =A L =h shown in Fig. 2 , all 512 unique combinations resulted in a statistically significant slope ðP < 0:001Þ with a high degree of correlation improved significantly when compared to the relationship derived with gymnosperms alone ðr 2 ¼ 0:92 and 0.78, respectively), though we note that this higher correlation is driven strongly by the reference canopy rate in the 4-m hedgerow (an angiosperm site). For the relationship between G sref and 1=h among temperate forests (Fig. 3a) , all 1008 unique combinations resulted in statistically significant slopes ðP < 0:01Þ. The amount of variance in G sref explained by 1=h is higher for angiosperms alone ðr 2 ¼ 0:92Þ, though again, this relationship is driven strongly by the hedgerow.
Finally, because reference conductance rates have previously been shown to vary with leaf area within species, we also assessed the generality of this relationship. Total reference conductance (i.e. reference conductance per unit ground area) should increase with LAI; however, due to the saturation of canopy light absorption at high LAI, reference conductance per unit leaf area should decrease with LAI. A significant but very weak linear negative relationship between G sref and LAI was observed based on the 42 sites of Survey 1 (r 2 = 0.08, P < 0:05, Fig. 4) , with correlation improving slightly for the relationship between G sref and logðLAIÞ ðr 2 ¼ 0:10Þ.
Relationship between A S =A L and h
The linear relationship between A S =A L and h compiled from the literature varied considerably among the 21 sites considered in Survey 2 ( Table 2 ). A majority of the studies reported a positive linear relationship, though due to the presence of some strongly negative slopes, the overall mean values were To determine whether this variation is sufficient to explain the variation observed in the general relationship between G sref and h (Fig. 3) , the quantity G sref % ð ah þ bÞ 1 h was referenced to the conductance data by minimizing the standard error between this quantity and the measurements (Fig. 5) . This model clearly accounts for very little of the variability; however, more than 70% of the data points fall within the range of expectation bounded by G sref % ðð a AE r a Þh þ The slope factor a was not related to mean annual precipitation (which can be considered a proxy for soil water availability) across sites, consistent with the previous inter-specific observations [31] and with the previous finding that a was indistinguishable between xeric and mesic P. palustris stands [13] . However, a increases significantly with the natural log of mean annual temperature (T M ,  Fig. 6 , r 2 ¼ 0:39; P < 0:01), consistent with the previous observations of a significant relationship between T M and a among , where ra is the standard deviation of the slopes ðaÞ presented in Table 2 . Symbols are the same as those shown in Fig. 2. mature P. sylvestris stands [18] , though much of the variation in a is not explained by temperature.
Discussion
The hydraulic controls on stomatal conductance across species
In 1997, Ryan and Yoder [46] proposed that the nearly universal declines in tree growth with forest age may be related to decreasing stomatal conductance as trees grow taller and hydraulic resistance to water flow increases with the transport path length. Since then, numerous analysis and experiments have been conducted to test this so-called ''hydraulic limitation hypothesis". Some experiments support the hypothesis [14, 4, 15, 12, 47, 5, 13] , while others suggest that A S =A L is more important than h in controlling stomatal conductance [17, 18, 39, 27] , and some point to the importance of age or size-related changes in physiology [48, 19] . Our results confirmed the importance of homeostatic changes in both h and A S =A L to the whole-plant water balance. We found only a weak general relationship between reference conductance and height alone among 42 forested ecosystems representing a large number of species from a wide range of climates, although a strong relationship exists within the better represented temperate climate subset (Fig. 3a) . Adding A S =A L to h explains 75% of the variation in G sref among 29 sites representing a wide range of biomes (Fig. 2) . This degree of explanatory power exceeded that predicted by the theoretical arguments of Section 2, which projected equal influence of k s ðW leaf À q w ghÞ and A S =A L =h on G sref . That A S =A L =h eclipses k s ðW leaf À q w ghÞ in terms of impact on reference conductance rates across species suggests compensatory interactions between k s and W leaf limiting the range of k s ðW leaf À q w ghÞ that may exist across species, or that these interactions are mediated by height or A S =A L .
Many of the species considered in Survey 1 are phylogenetically similar, and over half are from the family Pinacaea. The significant relationships that emerged from these surveys remain relatively unchanged when only one representative of each species or family is considered in the analysis, and the dataset is more largely limited by a paucity of data from short forests as the correlations for the relationships in Figs. 2 and 3a are driven strongly by the two shortest canopies (i.e. the 4 m hedgerow stand and the 6.8 m P. taeda stand). Short stands, in addition to being underrepresented in this dataset, are also more subject to biases associated with equating path length to h. As demonstrated in Fig. 1 , neglecting rooting length in short canopies results in an overestimation of the product A S =A L =h on the order of 10-20%. Conversely, canopy architecture patterns may be significantly different in shorter stands (i.e. more branching) such that h may either over or under-estimate path length. While the results shown in Figs. 2 and 3a are robust and remain highly significant when the assumed height of these two shortest stands is altered by AE2 m, an overestimation of canopy height in these stands may suggest a relationship between G sref and A S =A L =h or 1=h that is linear when a saturating function is actually a better model.
We also note that the estimates of G sref extracted from the literature for Survey 1 are subjective estimates determined using a range of regression and modelling procedures that vary from study to study. However, the high correlation between these estimates and A S =A L =h suggests that the error associated with difference in methodology between the studies is relatively small.
Mechanisms and limits to hydraulic compensation within species
To assess the predictive ability of this model within a species, the four sites for which changes in G sref and A S =A L were reported for trees or stands of different heights were further explored. These were Eucalpytus saligna [19] , F. sylvatica [4] , P. abies [49] , and P. mariana [27] . Following the sensitivity analysis presented in the Appendix, the quantity 1=ð1 À q w ghðW leaf Þ À1 Þ can be assumed to equal unity for a wide range of ecosystems, noting that q w % 10 3 kg m À3 ; g % 10 m s À2 , and W leaf % 10 6 kg m À2 s. This approximation can be used to explicitly assess the relative contribution of @h=h and
to @G sref =G sref within a species (Table 3) . For the four datasets, the relative change in A S =A L is insufficient to compensate for the observed reductions in conductance with increasing height. For E. saligna and F. sylvatica, the ratio of the relative change in A S =A L to the relative change in h is 0.64 and 0.41, respectively. For P. mariana and P. abies, the observed decreases in A S =A L with height compounds the relative decreases in G sref observed in taller stands.
Spruce and fir species often exhibit negative relationships between A S =A L and h [12, 31, 27] , which confers no known hydraulic advantage. It was proposed that this negative relationship may reflect a longer period of juvenile wood development, which has lower conductivity than latewood [50] , or increased leaf life span, which would increase nutrient recycling in poor quality sites [31] . The latter hypothesis is supported in part by the observation that a is related across species to the site quality [31] , which reflects, among other factors, the effect of site nutrient availability on growth.
The relative rates of change shown in Table 3 can also be used to assess the assumptions of the proposed model for G sref . For F. sylvatica and P. mariana, the ratio of the relative change in G sref to the quantity
À Dh=h is close to 1 (0.93 and 1.13, respectively), which suggests that the assumptions in this model are correct. However, the predicted change in conductance for P. abies Table 2 . Circles represent relationships derived from whole-tree measurements, and squares represent relationships derived from whole-canopy measurements.
Table 3
The relative change in conductance ðGsÞ, height ðhÞ, and sapwood-to-leaf area ratio ðAS=ALÞ for the four ecosystems in Table 1 for which all three variables were available at various heights. [51] , decreases in leaf water potential [52, 53, 19] , increased reliance on stored water [47] , increased allocation to fine roots [32] , and changes in crown architecture such as increased branching and decreased stem diameter [54] . Data on these homeostatic mechanisms are scarce and do not support an analysis of a general relationship.
Variation in the rate of change of A S =A L with height
The primary result from Survey 1 is Eq. (9), which shows that when A S =A L and h are measured or independently estimated, G sref can be well reproduced, though h alone appears to be a good predictor for temperate species. However, as we have stated before, A S =A L and h are typically not independent within species, and may not be independent among species. Hence, Survey 2 was conducted to assess whether variations in h may provide prognostic information about variations in A S =A L .
The change in sapwood-to-leaf area ratio with height varies considerately among the species of Survey 2, with the rate of change ranging from À0:72 cm 2 m À3 in P. abies to 0:21 cm 2 m
À3
in P. sylvestris [32] . A mechanistic model for this variation would greatly enhance the generality of the derived relationship between G sref ; h and A S =A L , (Fig. 2 , Eq. (9)). While a significant relationship emerged from Survey 2 between a and mean annual temperature, we do not believe that this relationship is strong enough for general application at this time. In this section, some additional likely controls on height related changes in A S =A L are discussed.
McDowell et al. [31] observed that in species exhibiting a positive relationship between A S =A L and h; a was approximately an order of magnitude higher in vessel bearing species when compared to tracheid bearing species. In species having such positive relationships among those assembled for our analysis, we found that the mean rate of change was only marginally higher in vessel bear- and considerable variation in a among P. sylvestris and P. ponderosa has also been observed (see [31] ). Thus, a simple categorization into plant functional type, or even analysis limited to a species, does not introduce much 'prognostic' utility for specifying the rate of change of A S =A L with height. The lack of similarity in the sensitivity of A S =A L to h within plant functional types or within a species suggests that climatic controls may influence inter-site differences in a. Additionally, the fact that we failed to find a strong relationship between G sref and h among all sites in the dataset, but observed significant relationships within the temperate zone suggests that A S =A L reflects the prevailing climate conditions. Examination of Eq. (4) shows that acclimation for the purpose of sustaining G sref in dry climates could be achieved through a proportional increase in A S =A L with D. While long-average D was not available for most of the sites considered in this study, the observed relationship between a and T M could imply a relationship between a and D, as long-term average vapor pressure deficit and temperature are correlated across ecosystems that are not persistently water limited. In other studies, this theoretical prediction has been confirmed for P. sylvestris [18] and other species of the genus Pinus [55] , though no relationship between D and A S =A L was observed among other conifer species (i.e., Abies and Picea spp., P. menziesii [55] ).
Lastly, the light environment may influence the rate in which sapwood-to-leaf area ratio changes with height even within closed canopies [56] . No significant differences in a were observed between canopy-level values obtained along chronosequences of closed-canopy stands and tree-level values obtained from measurements in single stands. Because the average light environment is similar among closed-canopy stands in a chronosequence but the light environment of individual crowns varies considerably depending on position in the canopy, the similarity of average a in these two situations implies that the rate of change of A S =A L with h is not strongly related to light availability. [13] ) are well within the range of variation observed for closed stands. In summary, future research on the sensitivity of A S =A L to h should focus on the potential impacts of climate conditions and perhaps also soil nutrient regimes, which were not explicitly considered here.
Broader implications for ecosystem-to-regional scale carbon and water cycle modeling
The response of canopy conductance to rapid changes in environmental drivers is often described with Jarvis-type multiplicative functions applied to a species-specific reference state (here G sref ). Because the Jarvis model and its variants are widely used, much effort has been invested in deriving generic representations of the model's reduction functions. For example, Oren et al. [2] showed that across a wide range of boreal to tropical species the sensitivity of G s to D can be well described by the function f 2 ðDÞ ¼ 1 À 0:6lnðDÞ. Generic relationships for the light and soil water response functions have also been developed using datasets for a broad range of species [1] . Therefore, a representation for G sref that explains inter-site variability can be used in coordination with these generic reduction functions to specify canopy conductance rates a priori for a wide range of ecosystems at a high temporal resolution.
Our results suggest that differences among species in leaf physiology and the anatomy of the transport tissue, and differences in soil properties among sites, may exert a smaller effect on G sref relative to the direct effects of canopy architecture, and that height and sapwood-to-leaf area ratio explain most (75%) of the variation in G sref among closed-canopy ecosystems. To our knowledge, only one other attempt was made to derive a generic formulation for reference conductance, in which total canopy conductance at a reference state (i.e. G Tref ) was related to LAI [1] . In that study, which considered a wide range of forested ecosystems (n = 18), G Tref increased linearly with LAI, saturating at about the midpoint of the LAI range. Here, the observed relationship between G sref and LAI ðrwe do not at this time know of a generic, prognostic model for A S =A L that would facilitate the application of Eq. (9) over coarse spatial scales (i.e. regional), though our results suggest limatic mediation of the relationship between A S =A L and h that could motivate future research. Finally, we did find a strong relationship between G sref and h within temperate forests that could be more immediately useful in coarse-scale modelling efforts.
To assess the sensitivity of G sref to A S =A L ; W leaf ; k s , and h, consider a Taylor series expansion of G sref : Nevertheless, among many species a reasonable approximation is:
As expected, Eq. (A.3) analytically predicts that G sref diminishes rapidly with increasing height for small h if no adjustments in A S =A L occur.
